Graphical Abstract Highlights d Two fungal pathogens of cacao express inactive chitinases during the infection d Despite being catalytically dead, these proteins retain the ability to bind chitin d Inactive chitinases prevent plant immunity by sequestering free chitin fragments d Neofunctionalization of enzymes is a pathway for the evolution of fungal effectors
In Brief
Fiorin et al. demonstrate that two fungal pathogens of cacao independently evolved catalytically dead chitinases that bind to chitin and prevent elicitation of plant immunity. The study exemplifies how pathogens may evolve effectors by repurposing the functions of enzymes that are conserved throughout evolution.
SUMMARY
Crop diseases caused by fungi constitute one of the most important problems in agriculture, posing a serious threat to food security [1] . To establish infection, phytopathogens interfere with plant immune responses [2, 3] . However, strategies to promote virulence employed by fungal pathogens, especially non-model organisms, remain elusive [4] , mainly because fungi are more complex and difficult to study when compared to the better-characterized bacterial pathogens. Equally incomplete is our understanding of the birth of microbial virulence effectors. Here, we show that the cacao pathogen Moniliophthora perniciosa evolved an enzymatically inactive chitinase (MpChi) that functions as a putative pathogenicity factor. MpChi is among the most highly expressed fungal genes during the biotrophic interaction with cacao and encodes a chitinase with mutations that abolish its enzymatic activity. Despite the lack of chitinolytic activity, MpChi retains substrate binding specificity and prevents chitin-triggered immunity by sequestering immunogenic chitin fragments. Remarkably, its sister species M. roreri encodes a second non-orthologous catalytically impaired chitinase with equivalent function. Thus, a class of conserved enzymes independently evolved as putative virulence factors in these fungi. In addition to unveiling a strategy of host immune suppression by fungal pathogens, our results demonstrate that the neofunctionalization of enzymes may be an evolutionary pathway for the rise of new virulence factors in fungi. We anticipate that analogous strategies are likely employed by other pathogens.
RESULTS AND DISCUSSION
Plants possess an innate immune system that recognizes and responds to potential invaders [2] . Extracellular surveillance of non-self molecules is mediated by cell surface receptors that are activated upon recognition of microbial-associated molecular patterns (MAMPs). These are often highly conserved molecules with indispensable functions in whole classes of microbes (e.g., chitin, b-glucans, and flagellin). Activation of such receptors signals to an immune response known as MAMP-triggered immunity (MTI), which involves the production of reactive oxygen species, ion fluxes, and transcriptional reprogramming and synthesis of an array of new proteins whose combined action halts pathogen growth [2] . Pathogens, on the other hand, have evolved sophisticated strategies mediated by effector molecules to prevent or interfere with MTI and thus promote infection [3] .
Chitin is a polymer of N-acetylglucosamine (NAG) and a structural component of the cell wall in fungi. Chitin fragments are potent MAMPs and elicit MTI in many species of plants [5] [6] [7] [8] . Suppression of chitin-triggered immunity is emerging as a major aspect of fungal virulence [9] . To prevent chitin-triggered immunity, some ascomycete pathogens utilize effectors containing the carbohydrate-binding LysM (lysin motif) domain to sequester cell-wall fragments that would otherwise be perceived by plant receptors [10] [11] [12] [13] [14] . Given the strong selection pressure imposed by the arms race with the plant immune system, strategies to mitigate chitin-triggered immunity are likely to have evolved multiple independent times in fungal pathogens [9] . However, the diversity of mechanisms used by fungi to achieve this suppression is essentially unknown.
Theobroma cacao is a tropical tree native to the Amazon whose beans are the source of chocolate. Currently, the livelihoods of over 40 million people depend on this crop, which is affected by devastating diseases that threaten the supply and quality of cocoa beans produced worldwide. Three major pathogens cause an estimated annual loss of 20%-40% in the global production of cocoa beans [15] , namely the basidiomycetes Moniliophthora perniciosa (causing witches' broom disease [WBD]) and M. roreri (causing frosty pod rot [FPR]) and oomycetes of the genus Phytophthora (causing black pod rot [BPR]). Although BPR is present worldwide, WBD and FPR remain restricted to the Americas and constitute a major bottleneck for cacao production on this continent [16] . Because there are no effective control measures to these diseases, their spread to other continents could have a severe impact on the chocolate industry, with a catastrophic socioeconomic outcome.
To gain insights into the WBD biology, we recently constructed a comprehensive transcriptome atlas for M. perniciosa and cacao [17]. The fungus M. perniciosa is a hemibiotrophic pathogen Figure 1 . The M. perniciosa MpChi Gene Encodes a Chitinase-like Protein that Binds to Chitin but Lacks Enzymatic Activity due to at Least Two Mutations in Its Catalytic Site (A) MpChi is highly expressed during the biotrophic stage of WBD. Data were acquired by qPCR and were normalized using the M. perniciosa b-actin and IF3b genes. Red bars and whiskers represent the mean and the SD from three biological replicates, respectively. Letters represent conditions with significant differences according to the post hoc ANOVA Tukey's test (p < 0.05). The MpChi expression profile in 41 RNA-seq libraries is shown in Figure S1A . (B) MpChi has substitutions in residues that are highly conserved in GH18 chitinases (E167Q and M238L; labeled in red and yellow, respectively). See also Figure S1B . (C) Homology modeling of the MpChi structure revealed that the two substituted residues (Q167, red; L238, yellow) form an interface in the catalytic pocket. Aromatic amino acids involved in chitin binding are conserved (green). (D) Pull-down assay demonstrates that MpChi binds to chitin, but not to chitosan, xylan, or cellulose. The degree of deacetylation of the chitosan preparation used in the experiment was 85%; thus, the weak band observed in the pellet fraction is likely due to the presence of residual chitin in the reagent (i.e., acetylated chitosan). (E) Isothermal titration calorimetry (ITC) shows that MpChi binds to chitohexaose (NAG6) with high affinity (Kd = 13 nM) and 1:1 stoichiometry. (F) MpChi lacks enzymatic activity, which can be rescued by reverting the two mutated residues to the consensus amino acids of GH18 enzymes. See also Figure S1C . At least nine measurements were taken per condition in three independent experiments. Letters represent conditions with significant differences according to the post hoc ANOVA Tukey's test (p < 0.05). Circular dichroism showed that the recombinant proteins used in these experiments were properly folded (see Figure S2A ). that colonizes the living tissues of the host plant for one to three months before switching to a destructive necrotrophic stage that kills and feeds off host dead tissue [18] . The analysis of dual RNA sequencing (RNA-seq) libraries of the WBD progression revealed fungal genes that are specifically expressed in the biotrophic stage of the disease. This set of genes is highly enriched in candidate virulence factors [17] . Curiously, a gene encoding a putative chitinase of the glycoside hydrolase family 18 (GH18) is distinctively expressed during the biotrophic interaction with cacao ( Figures 1A and S1A ). This gene, named MpChi, is among the most highly expressed fungal genes in infected cacao tissues (Table S1 ), suggesting a role in pathogenicity.
Chitinases belonging to the family GH18 are present in all domains of life with functions that include development, parasitism, nutrition, and immunity [19, 20] . Remarkably, the glutamate (E) that comprises the catalytic motif of GH18 chitinases (DxxDxDxE) is replaced by a glutamine (Q167) in MpChi (Figure 1B) . This glutamate is highly conserved in GH18 chitinases and donates a proton that is required for substrate hydrolysis [21] . Furthermore, a closer inspection of the MpChi amino acid sequence revealed a second substitution in another conserved residue (L238; Figure 1B ). Although these two residues (Q167 and L238) are 70 amino acids apart in the protein sequence, they localize next to each other in the modeled tertiary structure ( Figure 1C ), forming an interface in the catalytic pocket where the cleavage of the substrate occurs.
Despite the substitutions in the catalytic site, aromatic residues required for binding and stabilization of the substrate [21-24] are conserved in MpChi ( Figures 1C and S1B ). This suggests that this protein lacks chitinolytic activity but retains the ability to bind chitin. Pull-down assays using recombinant MpChi confirmed that it binds efficiently to chitin, but not to chitosan, xylan, or cellulose ( Figure 1D ). Moreover, isothermal titration calorimetry (ITC) demonstrated that MpChi binds chitin oligomers (NAG6) with high affinity (Kd = 13 nM; Figure 1E ). In agreement with the mutations identified in the catalytic site, no chitinolytic activity was detected for MpChi ( Figure 1F ). However, a version of this protein in which both the glutamine at position 167 and the leucine at position 238 were reverted to the residues that are highly conserved in GH18 chitinases (i.e., glutamate and methionine, respectively) had enzymatic activity. Reversion of each of these residues individually did not result in measurable chitinolytic activity (Figures 1F, S1C, and S2A). Hence, MpChi has no enzymatic activity due to substitutions of at least two highly conserved amino acids in the catalytic pocket of GH18s.
During infection, plants secrete an array of hydrolytic enzymes to impair the development of the invader organism [25] . We thus hypothesized that MpChi would bind to chitin molecules in the fungal cell wall to shield it against lytic plant enzymes. Such strategy was first described for the fungal effector Avr4 from the tomato pathogen Cladosporium fulvum [26] . Unlike Avr4, MpChi is unable to shield Trichoderma viride cells against lytic enzymes Figure S1B ), (E) has impaired capacity to bind to NAG6, and (F) is unable to prevent NAG6-triggered medium alkalinization in tobacco cells. Shades show the SD of three biological replicates. Circular dichroism showed that the recombinant proteins used in these experiments were properly folded (see Figure S2A ).
( Figure S3A ). Although we have not tested whether MpChi binds to the M. perniciosa biotrophic hyphae during cacao infection, effectors so far proposed to shield fungal hyphae against hydrolysis by plant enzymes were able to protect T. viride in the same assay and at much lower concentrations [11, 12, 26] . Therefore, MpChi is unlikely to function in the protection of fungal cell wall against plant hydrolytic enzymes. We next tested whether MpChi is able to prevent the elicitation of chitin-triggered immunity in plants by sequestering free chitin oligomers. Treatment of plant cells with the chitin oligomer NAG6 results in rapid medium alkalinization as a consequence of the ion fluxes across the plasma membrane during MTI [5, 27] . Remarkably, NAG6induced medium alkalinization was strongly suppressed by MpChi in tobacco cells (Figure 2A ). Interference with MTI was also demonstrated by the ability of MpChi to prevent activation of NAG6-induced genes ( Figures 2B and 2C ). Importantly, a version of MpChi in which we performed alanine substitutions of three tryptophans that are involved in substrate binding ( Figures 2D, 2E , and S1B) was unable to prevent medium alkalinization upon NAG6 treatment ( Figure 2F ), demonstrating that MpChi requires substrate binding capacity to interfere with MTI. Moreover, MpChi was unable to prevent medium alkalinization triggered by the flagellin epitope flg22, a bacterial elicitor, further demonstrating that MpChi functions through the specific sequestration of chitin fragments ( Figure S3B ).
We identified 17 GH18-encoding genes in the M. perniciosa genome (isolate CP02), with MpChi being the only one with substitutions in the catalytic glutamate ( Figure S4A ). We next searched for GH18-encoding genes in M. roreri [28], a sister species that causes FPR in cacao. Remarkably, the MpChi ortholog in M. roreri (MR05413) has canonical residues in its catalytic site and is enzymatically active (Figures 3A, 3B , and 3D). However, a paralog gene in M. roreri (MrChi), which is highly expressed during the biotrophic interaction of M. roreri and cacao ( Figure 3C ), encodes a GH18 with an independent substitution in one of the aspartates of the catalytic motif (D135N; Figure 3B ). This substitution results in reduced enzymatic activity ( Figure 3D ). Like MpChi, MrChi binds to chitin and prevents chitin-triggered immunity in tobacco cells ( Figures 3E, S2B , and S2C). Notably, these proteins belong to a clade in which orthology is less well defined in comparison to the rest of the GH18 family ( Figure 3A ), indicating the occurrence of multiple gains and/or losses events during the evolution of these pathogens. Moreover, five of the seven genes in this clade are highly expressed during the biotrophic stage of the interaction with cacao, suggesting that at least part of them function as virulence factors. Remarkably, MR05384 in M. roreri ( Figures 3A and 3B ) also contains a degenerated catalytic site and is, therefore, likely enzymatically inactive. Thus, mutated GH18s have evolved independently in these pathogens, consistent with their role as virulence effectors.
We also searched for MpChi and MrChi alleles in the genomes of 28 M. perniciosa and 8 M. roreri isolates from diverse geographic locations throughout Latin America. Importantly, the two substitutions in the MpChi catalytic site (E167Q and M238L) were found in all M. perniciosa isolates, whereas no substitutions were detected in the different M. roreri genomes (Figure 4A ). Furthermore, although MrChi alleles containing the consensus catalytic residues were found in M. perniciosa, some isolates contained an insertion of an MpSaci transposon (Figures 4A and 4B) that likely inactivates this gene [29] . Interestingly, the MpChi ortholog of an unnamed Moniliophthora species (M. sp), isolated as a grass endophyte in North America [30], also encodes a protein with substitutions in the catalytic site, but these substitutions are different from the ones found in M. perniciosa ( Figure 4A ). Remarkably, the saprotrophic species M. marginata (isolated from wood debris in Malaysia) [31] and Crinipellis campanella (a representative of the closely related Crinipellis genus) do not contain GH18s with substitutions in the catalytic site, indicating that the loss of enzymatic activity of chitinases in Moniliophthora is associated with a pathogenic and/or endophytic lifestyle.
Thus, two cacao pathogens of the genus Moniliophthora have independently evolved inactive chitinases that retain substrate binding ability and are able to prevent chitin-triggered immunity in plants by sequestering free chitin fragments (Figure 4C ). These proteins are mechanistically analogous to LysM effectors, exemplify the plasticity of phytopathogens in developing virulence strategies, and underscore the importance of suppression of chitin-triggered immunity for host invasion. Interestingly, none of the seven genes encoding LysM proteins in M. perniciosa is highly expressed during the biotrophic interaction with cacao ( Figure S4B ), supporting the conclusion that Moniliophthora pathogens have evolved Moniliophthora pathogens evolved inactivated chitinases that bind to and sequester free chitin fragments to prevent MTI. Fungal LysM proteins are not distinctively expressed during the biotrophic interaction between M. perniciosa and cacao (see Figure S4B ). inactive chitinases as an analogous strategy to chelate free chitin and prevent elicitation of the plant immune system. Because the mutated version of MpChi, in which we restored the enzymatic activity, is still able to prevent MTI ( Figures  S3C and S3D ), we propose that loss of chitinolytic activity may have nonetheless conferred a selective advantage during evolution by turning this protein inert to the pathogen cell wall, reducing self-digestion and the resulting MAMP production. The fact that most Moniliophthora GH18 genes distinctively expressed in planta encode proteins with substitutions in key catalytic residues ( Figure 3A) is in agreement with the idea that loss of enzymatic activity is an adaptation to the biological role of these proteins. Alternatively, the enzymatic activity of these proteins may not be detrimental to the pathogens during infection and was lost by genetic drift due to the absence of a strong selection pressure for its maintenance.
Effectors from filamentous pathogens are likely to arise from multiple independent evolutionary pathways, and many of them are enzymes that evolved to target plant components [32] . Notably, by showing that fungal pathogens can evolve effectors by repurposing the functions of enzymes that are conserved throughout evolution (i.e., neofunctionalization of chitinases), we shed light on an enigmatic and poorly documented topic: the birth of virulence factors. Given the recent observation that a family of effectors in parasitic nematodes evolved from the glutathione synthetase gene [33] , that enzymatically inactive proteases in Phytophthora function as plant glucanase inhibitors [34, 35] , and that P. sojae secretes a truncated inactive xyloglucanase as a decoy to protect its enzymatically active paralog from a host inhibitor [36], neofunctionalization of enzymes may constitute a widespread strategy for the evolution of virulence factors in pathogens as a whole. Genome mining revealed multiple instances of likely inactive GH18 chitinases in phytopathogenic fungi (Table S4) , including Blumeria graminis, Ceratocystis spp., Colletotrichum spp., Fusarium poae, Puccinia spp., Rhizoctonia solani, and Valsa mali. We anticipate that the scaffolds of chitinases and of other enzymes were likely co-opted to serve unexpected and yet-to-be-described virulence functions in pathogens.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: at 37 C until the culture achieved an optical density of approximately 0.8. Then, IPTG was added to induce protein expression and cells were grown overnight at 18 C. Table S3 presents the conditions used for the expression of each protein.
Cells were harvested by centrifugation and suspended in lysis buffer (50 mM Tris-HCl pH 8.5, 300 mM NaCl, 10% glycerol, 6 mg/mL lysozyme, 2 mg/mL sodium deoxycholate, 20 mg/mL DNase, 1 mM PMSF). After lysis for 1 hour at 0 C, the culture was centrifuged to remove cellular debris and the cleared supernatant was used for protein purification. His 6 -SUMO-tagged proteins were purified by immobilized metal ion affinity chromatography (IMAC) using a Co 2+ -charged TALON Resin (Clontech Laboratories) pre-equilibrated with 50 mM Tris-HCl pH 8,5 and 300 mM NaCl. After elution from the resin, the protease ULP-1 was used to remove the His 6 -SUMO tag and a second round of IMAC was performed to allow the separation of the recombinant protein from the tag. Protein concentration was determined spectrophotometrically at 280 nm. Clones and expression methods for Avr4 and Ecp6 were described previously [10, 52] .
Circular dichroism
Circular dichroism (CD) spectra were recorded on a J810 spectropolarimeter (Jasco) at 20 C from 195 nm to 260 nm with a resolution of 0.5 nm. The molar concentrations used to calculate the molar ellipticity (q) were the following: MpChi: 2.5 mM; MpChi Q167E : 3 mM; MpChi L238M : 2.5 mM; MpChi Q167E/L238M : 2.5 mM; MpChi MBS : 3 mM; MrChi: 2.5 mM; MrChi N135D : 3.7 mM; MR05413: 5 mM. Each data point was generated by averaging 10 accumulations.
Structural modeling
Homology modeling of MpChi (residues 24-438; signal peptide removed) was performed with the Phyre2 suite using the normal modeling mode [47] . The final model presented a confidence score of 100% and a coverage of 94% and was based on a GH18 chitinase from Chromobacterium violaceum (Protein Data Bank ID 4TXG; 100% confidence and 22% identity). Prediction of binding sites was performed with 3DLigandSite [53] and matched previous experimental evidence for GH18 proteins [21, 22, 24, 54, 55] . Molecular docking was performed on the SwissDock server [48] using NAG6 as the ligand. Visualization and edition of the model was done with UCSF Chimera v1.12 [37] .
Polysaccharide pull-down assay Carbohydrate affinity precipitation assays were performed as described by Tjoelker et al. (2000) [56] . Binding to crab shell chitin (Sigma-Aldrich), chitin beads (New England Biolabs), chitosan (Sigma-Aldrich), xylan (Sigma-Aldrich) and cellulose (Sigma-Aldrich) was tested by incubating 50 mg of recombinant protein with 10 mg of each insoluble carbohydrate in 800 mL of water. After three hours of rocking (200 rpm) at room temperature, the insoluble (carbohydrate-bound) fraction was precipitated by centrifugation at 14,000 3 g for 5 minutes and the supernatant was reserved. The insoluble fraction was washed five times with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.2) and then boiled in the presence of 1% SDS to dissociate the proteins from the substrate. Presence of the proteins in the supernatant and in the precipitate was verified by SDS-PAGE and Coomassie Brilliant Blue staining.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) was performed to determine the affinity of MpChi to chitin oligosaccharides of six units (NAG6; Isosep AB, Tullinge, Sweeden). Recombinant MpChi at a concentration of 20 mM was titrated with a 2 mL injection followed by 15 injections of 8 mL NAG6 at 200 mM. Chitin oligomers and the protein were suspended in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.2). Measurements were performed at 25 C using the Microcal VP-ITC calorimeter (GE-Healthcare). A second round of ITC experiments was performed for MpChi, MpChi MBS and MrChi in parallel using the MicroCal iTC200 calorimeter (GE-Healthcare). For this, each protein at a concentration of 15 mM in the sample cell was titrated with a 0.5 mL injection followed by 19 injections of 2 mL NAG6 (Santa Cruz Biotechnology) at 150 mM. Like in the first experiment, proteins and NAG6 were suspended in PBS and measurements were carried out at 25 C. Data was analyzed with the program Origin (OriginLab) and fitted to the model describing one binding site.
Chitinolytic activity assay
Chitinolytic activity was measured using the fluorimetric Chitinase Assay Kit (Sigma-Aldrich) following the manufacturer's instructions. Three different substrates were used to allow the detection of different types of chitinolytic activities: 4-Methylumbelliferyl-N,N-diacetyl-b-D-chitobioside (exochitinase activity -chitobiosidase), 4-Methylumbelliferyl-N-acetyl-b-D-glucosaminide (exochitinase activity-N-acetylglucosaminidase) and 4-Methylumbelliferyl-b-D-N,N 0 ,N 00 -triacetylchitotrioside (endochitinase activity). Cleavage of these substrates releases 4-methylumbelliferone (4MU), which can be measured fluorimetrically at an excitation wavelength of 360 nm and an emission wavelength of 450 nm. Measurements were done by incubating 100 ng of recombinant protein with each of the three substrates for 30 minutes at 37 C. Fluorescence was detected with an EnSpire Multimode Reader (PerkinElmer). Each measurement was performed in triplicate and experiments were repeated at least four times with independent batches of recombinant proteins.
Fungal cell wall protection assay
To test whether MpChi is able to protect fungal hyphae against plant hydrolytic enzymes, we performed the spore protection assay described previously [10, 26] . A 40 mL aliquot of Trichoderma viride spores at a concentration of 50,000 conidia/mL was incubated overnight in PDB (Potato Dextrose Agar, Difco) at 22 C in a 96-well plate. Subsequently, 10 mL of recombinant proteins (Avr4, Ecp6 or MpChi) at 100 mM were added individually to the spores (final concentration of 20 mM). After 2 h of incubation at room temperature, 10 mL of a tomato hydrolytic extract were added and the plate was incubated at room temperature for 24 h. Fungal growth was then visualized microscopically. The experiment was repeated three times and each repetition contained three biological replicates.
Medium alkalinization experiments
Medium alkalinization of plant cell cultures was used as a proxy for MTI initiation upon treatment with MAMPs. Nicotiana tabacum BY-2 cell suspensions (3 -5 days-old) were transferred to 12-well plates (2.5 mL/well) and kept at room temperature with gentle rocking for at least 2 h. Cells were treated with 10 nM NAG6 (Santa Cruz Biotechnology), 100 nM flg22 (GenScript) or 100 nM of recombinant proteins. Mixtures of elicitors and proteins were kept at room temperature for at least 10 minutes before addition to plant cells. Following the treatment, the pH of the cell suspension was measured over 10 minutes in intervals of 3 s using a S220-Basic Seven Compact pHmeter equipped with an InLab Micro electrode (Mettler Toledo). The Ecp6 effector protein from C. fulvum was used as a positive control. In experiments that used flg22 as the elicitor molecule, the pH was monitored for 60 minutes.
Gene expression analyses by RNA-seq
MpChi was initially identified as one of the most highly expressed fungal genes during the biotrophic interaction between M. perniciosa and cacao [17] . Transcript levels in multiple stages of the pathogen life cycle and during the progression of witches' broom disease was evaluated using the WBD Transcriptome Atlas (http://www.lge.ibi.unicamp.br/wbdatlas). This database is a collection of RNA-seq libraries constructed from multiple biological conditions and includes a wide range of developmental stages, growth conditions and stress responses of the fungus -either in vitro and in planta. Normalized expression values are given in RPKM (reads per kilobase of transcript per million mapped reads) and are available at the Mendeley Data repository (https://doi.org/10. 17632/dvdpg66fsj.1). Details of data analysis are described by Teixeira et al. 2014 [17] . For the analysis of M. roreri gene expression, RNA-seq reads derived from the biotrophic (30 days after infection) and necrotrophic (60 days after infection) stages of frosty pod rot [28] were aligned against the 17,920 gene models of the pathogen using bowtie, then counted and normalized to RPKM values for plotting.
To evaluate the ability of MpChi in preventing the transcriptional response downstream of MAMP perception, Nicotiana tabacum BY-2 cells were treated with 10 nM NAG6, 100 nM MpChi, 10 nM NAG6 + 100 nM MpChi or H 2 O (Mock treatment) as described above (Medium alkalinization experiments). Samples were harvested immediately before the start of the experiment (Time 0, untreated cells) and at four time points after the treatment (15 min, 60 min, 120 min and 180 min). The experiment was performed in triplicate. RNA was extracted using the TRIzol Reagent (Invitrogen) following the manufacturer's protocol and then used to prepare RNA-seq libraries. The resulting 54 libraries were pooled and sequenced in one lane of a HiSeq2500 instrument to generate 50bp singleend reads. Initial assessment of raw sequences was done with FastQC v.0.11.5 [38] . Trimmomatic v0.36 [39] was used to remove adaptor-containing and low-quality reads. Quality-filtered reads were then aligned against the 69,500 cDNA sequences of the Nicotiana tabacum K236 v4.5 reference [57] using HiSat2 v2.0.5 [40] and counted with featureCounts v1.5.2 [41] . Identification of differentially expressed genes was done using the generalized linear model (glm) approach [58] implemented in the edgeR package v3.16.1 [42] . To filter out weakly expressed genes, only those genes with a minimum expression level of 1 count per million in at least 3 libraries were included in the analysis. Normalization was performed using the trimmed mean of M-values method (TMM) [59] . A one-way-layout model was used to compare the treatments (NAG6, MpChi or MpChi+NAG6) to the control condition (H 2 O) at each of the four time-points. The Benjamini-Hochberg method (false discovery rate; FDR) was used for the correction of multiple comparisons [60] . Genes with FDR below or equal to 0.01 and a fold-change variation of at least 1.5x were considered differentially expressed. The full edgeR results are provided in the Mendeley Data repository (https://doi.org/10.17632/dvdpg66fsj.1). Raw RNAseq reads and the count matrix generated in this study are available at the NCBI Gene Expression Omnibus under the accession number GEO: GSE111980.
Hierarchical clustering was performed in R with the 'heatmap.2 0 function from the gplots package [61] . RPKM expression values of genes identified as differentially expressed in at least one of the treatments in the experiment were normalized by z-score transformation. Genes were clustered on the basis of the Euclidean distance and with the complete-linkage method.
Gene expression analyses by qPCR
As a complementation to the RNA-seq data available at the WBD Transcriptome Atlas (http://www.lge.ibi.unicamp.br/wbdatlas), transcript levels of the MpChi gene were determined by qPCR in a subset of nine biological conditions: monokaryotic mycelium, dikaryotic mycelium, basidiomata, spores, germinating spores and infected shoots and fruits at the biotrophic and necrotrophic stages of the infection. This experiment included three biological replicates per condition. qPCRs were conducted on a ViiA 7 Real-Time PCR System (Applied Biosystems) using SYBR Green I for the detection of PCR products. Each reaction was performed in technical triplicates and had a final volume of 12 mL, containing 6 mL SYBR Green PCR Master Mix (Thermo Scientific), 200 nM each primer, and 40 ng cDNA template. The thermal cycling conditions were 95 C for 10 min, followed by 40 cycles of 95 C for 15 s and 60 C for 1 min, with fluorescence detection at the end of each cycle. A melting curve analysis was conducted to confirm the amplification of a single product per reaction. The MpChi mRNA relative abundance was defined by the mathematical model described by Livak and Schmittgen (2001) [62] using the M. perniciosa b-actin and IF3b (transcription initiation factor) genes as normalizers. Primers used in these experiments are given in Table S2 .
Phylogenetic analyses
Genes encoding GH18 proteins were identified in M. perniciosa (CP02) and M. roreri (MCA2977) through a combination of manual Blast searches and orthogroups inference [43] . The GH18 domains were then annotated using SMART [49] and aligned with MUSCLE v3.8 [44] . The alignment was curated by removing sites containing gaps. Prior to the construction of the phylogenetic tree, prottest v3.4.2 [45] was used to determine the best-fit substitution model for the data. A Bayesian phylogenetic analysis was then performed with MrBayes v3.2.6 [46] on the CIPRES Portal [50] using the LG + G substitution model [63] . The MCMC analysis used 4 chains (1 cold), 1 million generations sampled every 100 generations and a burn-in value of 2500 (25%). The resulting tree was loaded into iTOL [51] and annotated with RNA-seq gene expression values (in RPKM) derived from cacao fruits infected with M. perniciosa or M. roreri at the biotrophic and necrotrophic stages of the infection.
Search for likely inactive GH18 chitinases in fungi
We searched for additional examples of GH18 proteins with substitutions in important catalytic residues in other fungal species (Table S4) . This modified pattern restricts the output to proteins that do not have the critical glutamate (E) in the motif DxDxE, while allowing any amino acid in the positions of the conserved aspartates (D). By filtering hits that do not have the conserved glutamate, we focus on proteins that are very unlikely to have enzymatic activity.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses described in this study were performed using R. Number of replicates for each experiment is reported in the figure legends. For the qPCR and chitinase activity assays, statistical comparison among groups was performed by one-way ANOVA with the Tukey's Honest Significant Difference (HSD) post hoc test. Identification of differentially expressed genes in RNA-seq was performed with the generalized linear model (glm) approach implemented in the edgeR package.
